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Cross-reactions,  which may be defined as the reactions of a  given antibody 
population  with  more  than  one  antigen,  or the  reactions  of  a  given  antigen 
with  the  antibodies  raised  against  a  different  immunogen,  have  traditionally 
been of interest in defining the specificity of antibody populations and in study- 
ing the structures of ligands. In this paper we wish to consider what the mutual 
cross-reactions between  two  structurally  similar  ligands  and  their  respective 
antibodies can tell us about the specificity of those early steps in the response 
to antigenic stimulation that culminate in antibody synthesis. 
The  approach  used  here  is  based  on  the  following  considerations.  Rabbit 
anti-DNP  1 antibodies,  prepared by immunization with a  DNP-protein,  cross- 
react  with  TNP-proteins  but  bind  DNP  ligands  more  strongly  than  TNP 
ligands.  Similarly,  anti-TNP  antibodies,  prepared  by  immunization  with  a 
TNP-protein,  react more strongly with TNP ligands than with DNP ligands. 
Populations of anti-DNP and anti-TNP  antibodies differ also in some fluores- 
cence properties/(a)  The tryptophan fluorescence of rabbit anti-DNP  mole- 
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x Abbreviations used in this work: TNP, the 2,4,6-trinitrophenyl group; DNP, the 2,4- 
dinitrophenyl  group; BTG, bovine q/-globulin; HSA, human serum  albumin;  TNT, 2,4,6- 
trinitrotoluene;  DNT,  2,4-dinitrotoluene;  TNP-OH,  2,4,6-trinitrophenol  (picric acid); 
DNP-OH, 2,4-dinitrophenol.  Antibodies formed  against  2,4-dinitrophenylated  proteins  or 
2,4,6-trinitrophenylated  proteins  are  referred  to  as  mati-DNP  antibodies  and  anti-TNP 
antibodies,  respectively, because  each consistently  forms more  stable  complexes with ho- 
mologous ligands. 
2  Differences in the fluorescence properties  of anti-DNP  and  anti-TNP  molecules refer 
exclusively to rabbit IgG antibody populations. 
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cules is quenched 70-80 %  when their combining sites are saturated,  while the 
fluorescence  of  rabbit  anti-TNP  is  quenched  50-60%  at  saturation  (1,  2). 
(b)  Per  unit  weight,  anti-DNP  antibodies  have  ~ more  intense  tryptophan 
fluorescence  than  anti-TNP  antibodies  (2).  (c)  With  extensive  unfolding  of 
antibody  molecules  in  concentrated  guanidine,  the  increase  in  tryptophan 
fluorescence  is  about  1.5-2.0  times  greater  with  anti-TNP  than  with  anti- 
DNP  antibodies  (2). 
Since it is possible to distinguish between anti-DNP and anti-TNP antibodies 
on the basis of ligand-binding properties and also on the basis of differences in 
fluorescence  properties,  it  should  be possible  to determine  how large  a  pro- 
portion of the antibodies synthesized in response to immunization with DNP- 
BTG  have  the  characteristics  of  anti-TNP  molecules,  and  conversely,  how 
large a proportion of the antibodies synthesized in response to TNP-BTG have 
the  characteristics  of  anti-DNP  molecules.  In  our  attempt  to  answer  this 
question, we have used specific fractionation procedures that selectively isolate 
from  anti-DNP  populations  those  antibody  molecules  with  especially  high 
affinity  for  TNP  ligands,  and  from  anti-TNP  populations  those  antibodies 
with especially high affinity for DNP ligands.  The experiments described here 
show that the most highly selected  antibody subsets,  representing  as little  as 
1% of the serum antibody, resembled in their fluorescence properties the bulk 
antibody populations from which they were isolated, and these subsets failed to 
bind heterologous ligands better than homologous ones. 
Materials And Methods 
Preparation of .Purified Antibodies.--The methods employed for production,  quantitation, 
and isolation of anti-TNP and anti-DNP antibodies were as described  (1, 4). All antisera 
were obtained  from rabbits  immunized with heavily  substituted  DNP-B~,G  or TNP-B3,G 
(with a single exception noted in the legend of Fig. 2), prepared  by methods described else- 
where  (5). Each lot of purified antibodies showed a single arc of ~G mobility on immuno- 
electrophoresis developed with goat antiserum  to a crude rabbit globulin fraction. Each anti- 
body fraction was more than 90% precipitable with a homologous hapten-protein  conjugate 
(HSA bearing 36-37 moles of DNP or of TNP per mole of albumin). All antisera were pools 
derived  from  25-50  randomly bred  albino  rabbits  or from  single rabbits.  Bleedings were 
generally obtained  on 3 consecutive days from each animal, and the interval  from immuni- 
zation was counted on the 1st day of bleeding. 
Isolation of Selected Fractions of Purified Antibodies.--Allquots  of serum pools were cleared 
by centrifugation  at 10,000 g for several hours at 0-4°C and streptomycin  was added to in- 
hibit bacterial growth (final concentration  50 t~g/ml). In general, a small amount of antigen, 
corresponding to about 10% of that required to reach equivalence, was added to the serum. 
The precipitate  formed was removed and another small amount of antigen was added to the 
supematant serum. The procedure was repeated to yield a series of precipitates  from which 
antibodies were isolated by hapten elution. The following example, given in detail, is repre- 
sentative.  Fig. 3 (shown below) contains the quantitative  precipitin analyses of an anti-DNP 
antiserum  (DN-31) with the homologous (DNP-HSA) and cross-reaeting (TNP-HSA)  anti- 
gens. Using the preeipitin curve with TNP-HSA as a guide, 0.625 mg of TNP-HSA was added 
to 250 ml of antiserum  and the resuitant  specific precipitate  (labeled P1) was harvested  by J.  RUSSEL LITTLE  AND  HERMAN  hT.  EISEN  249 
centrifugation. An additional 1.25 mg d  TNP-HSA was then added to the supernatant,  and 
the second specific precipitate (labeled P2) was obtained. Successive fractions were obtained 
in a similar fashion. From each antigen-serum or anfigen-supernatant mixture a I  ml aliquot 
was removed for assay of precipitated  antibody,  and  from the remainder the precipitated 
antibody was collected by centrifugation,  and was washed  and  eluted with hapten.  After 
removal d  all antibody precipitable by TNP-HSA, the residual antibody was precipitated 
with the homologous antigen, DNP-HSA, and the resulting antibody fraction was designated 
PP.  The washed  precipitates were finally eluted  at 37°C with TNP-OH  (PI-P5)  or with 
DNP-OH (PP) as described elsewhere (4). A separate 250 ml aliquot of the  same antiserum 
was then fractionated exclusively with the homologous antigen, DNP-HSA, which was simi- 
larly added in successive small amounts. The resulting fractional precipitates were eluted at 
37°C with DNP-OH and labeled X1-X5 (see below, Fig. 3). 
Fluorescence QuenJdng.--The binding of haptens by purified antibodies was measured in 
an Aminco-Bowman spectrophotofluorometer by the method  of fluorescence quenching  as 
described (7, 3,  1)  8. All titrations were performed at 30°C. Bound and free hapten were de- 
termined on the basis of the fluorescence quenching observed, relative to the quenching when 
all antibody combining sites were occupied by ligand (Qmax). The magnitude of the value 
of Qmax was determined by the method of Day  (8),  using DNP-aminocaproate or TNP- 
aminocaproate for the cognate antibody populations.  Since Qmax for a  given anti-DNP or 
anti-TNP  antibody population has been shown to be essentially independent  of the poly- 
nitrophenyl ligands employed (1, 2), a single Qmax value was used for all fluorescence quench- 
ing titrations performed with the antibody subsets from a given antiserum. In addition, with 
a given type of antibody (anti-DNP or anti-TNP) Qmax values were essentially the same for 
antibody preparations isolated from precipitates made  at equivalence or in large antibody 
excess with homologous or beterologous antigens. The one possible exception is anti-DNP 
antibody fraction P1-A, whose Qmax value of 67 was slightly lower than is usual for rabbit 
anti-DNP antibodies (see below Table VII). 
Antibody concentrations in 0.15 ~  NaCI, 0.02 ~¢ phosphate, pH 7.4  (buffered saline)  were 
determined by absorbance at 278 m/~ (E~m =  15.5) assuming a molecular weight of 150,000. 
The average intrinsic association constant, K0, was calculated from the fluorescence quenching 
data according to the logarithmic form of the Sips equation (9, 10). 
Double Di~ion in Agar.--Precipitin reactions in agar gel employed 1.5% Noble agar in 
buffered saline with antibody at 0.7-5.0 mg/ml and antigens at 0.25-0.50 mg/ml. Photographs 
were obtained of unstained moist gels after 48 hr reaction at room temperature. 
Other Reagent~.--Picric acid and  2,4-dinitrophenol  obtained from Fisher  Scientific Co, 
St. Louis, Mo. were recrystalllzed 3  and 2  X  respectively from hot water. 2,4,5-Trinitro- 
toluene and 2,4-dinitrotoluene were obtained from Distillation Products Industries, Rochester, 
N. Y. and were recrystalllzed 3 X  from ethanol-water. ¢-TNP-aminocaproate (1) and ¢-DNP- 
aminocaproate  (11) were synthesized and characterized as described. Additional compounds 
were used without further purification. Sodium dodecyl sulfate was the product of Matheson 
Coleman and Bell, Cincinnati, Ohio. Dowex 1X8  (200-400  mesh) was obtained from J. T. 
Baker Chemical Company,  Philllpsburg, N. J.,  and  DEAE-eellulose, 0.51  meq/g,  was the 
Serva resin of Gallard-Schlesinger Chemical Manufacturing Corp., New York. 
RESULTS 
Cross-Reactions by Precipitin Assay.  Cross-reactions  in  precipitin  assays of 
anti-TNP and anti-DNP sera are shown in Table I  and Figs. 1, 3, 5, and 6. By 
s Automatic computations  of fluorescence quenching titrations  were carried  out  at  the 
Washington  University Computing  Facilities, which  is  supported  in  part  by  a  National 
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TABLE I 
Pr~ipitin Anays~ ~Cross-Re~tlons ~  Ant~DNP and Ant~TNP An~era 
Immunogen* 
DNP~TG 
TNP~TG 
Antibodies in equivalence  precipitate 
Antiserum no. 
DN-37 
473 
855 
DN-31 
110-6 
DN-14 
DN-35 
D-2¢ 
110-10 
no-lo¢ 
110-11 
TN-13 
TN-8 
TN-5 
411 
TN-1 
TN-2 
TN-6 
423 
600 
TN-0 
110-3 
110-4 
110..4~ 
110-5 
TN-9¢ 
Time of 
bleeding~ 
days 
21 
32 
39 
42 
49 
45 
60 
109 
49 
170 
49 
13 
16 
17 
32 
34 
34 
35 
35 
39 
70 
49 
49 
170 
49 
386 
DNP-HSA* 
as antigen 
mg/ml serum 
0.50 
1.55 
1.04 
0.77 
2.00 
1.11 
1.62 
2.76 
3.85 
4.10 
1.41 
0.37 
0.20 
0.33 
1.66 
1.33 
0.98 
0.12 
1.26 
1.64 
0.16 
0.37 
0.77 
1.73 
1.18 
1.90 
TNP-HSA* 
as antigen 
mg/rnl serum 
0.32 
1.03 
0.77 
0.59 
1.54 
0.89 
1.33 
2.41 
3.22 
3.90 
1.35 
0.68 
0.32 
0.73 
1.87 
1.52 
1.06 
0.17 
1.53 
2.01 
0.17 
0.44 
0.93 
1.86 
1.34 
2.00 
Cross-reaction 
% 
64 
66 
74 
77 
77 
80 
82 
87 
84 
95 
96 
55 
63 
45 
89 
88 
92 
71 
82 
82 
94 
84 
83 
93 
88 
95 
* Immunogens  and  precipitating  antigens  were  maximally substituted  on  their  lysine 
residues with DNP or TNP groups (see Materials and Methods). 
¢ Bleeding times for these samples were 7-21  days after a  second injection of the same 
immunogen used for the initial immunization. The total days elapsed between primary anti- 
genic stimulation and bleeding is given for each antiserum. Samples not marked with a double 
dagger were taken at the time indicated after the first injection of antigen. Samples 473, 855, 
110-6,  110-11, 411,  423,  110-3,  1104,  110-5, and  110-10 were obtained from single  rabbits. 
The remaining samples were obtained from serum pools from 25 -  50 rabbits each. 
quantitative  precipitin  analysis,  the  equivalence  precipitate  made  with  the 
homologous antigen always contained more antibody than  that formed by the 
same  antiserum  with  the  cross-reacting  antigen.  In some cases,  however,  the 
differences were so small  as to fall within experimental error (=t=5 %, see Table 
I). Anti-DNP  sera cross-reacted with TNP-proteins to about the same extent as J.  RUSSEL  LITTLE  AND  IKERMAN N.  EISEN  251 
anti-TNP sera with I)NP-proteins. There was a rough but imperfect correlation 
between the interval between immunization and bleeding  and the extent of 
cross-reactive precipitation. This is shown by an average cross-reaction of S4% 
in the three  anti-TNP sera obtained less than 25  days after immunization 
(Table I, anfisera TN-13, TN-8, and TN-5) as compared with the average cross- 
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FIG.  1.  Precipitin reaction of early (left) and late (fight)  anti-TNP rabbit antiserum pools. 
The immunizing antigen was highly substituted TNP-B~/G, and the precipitating antigens 
were also highly substituted conjugates. Curves on the left were from antiserum TN-8, ob- 
tained 16 days after immunizing  each animal with 2.0 mg of TNP-B~,G in complete Freund's 
adjuvant. Curves on the right were from antiserum TN-9, obtained 21 days after injecting 
0.5 mg TNP-B'),G in complete adjuvant into animals that had received 5.9 mg of the same 
antigen 1 yt previously. Hapten binding studies performed with  antibodies purified from 
equivalence precipitates of each of these antisera are published elsewhere  (1). 
reaction d  83 % for the later anti-TNP sera (Table I). Anti-DNP sera evoked by 
modest doses  of antigen (e.g.,  1-5  mg DNP-B~/G  per  rabbit)  with a  brief 
interval between immunization and bleeding also showed less extensive cross- 
reaction (Table I, antiserum DN-37)  than antisera from later bleedings. 
The somewhat greater cross-reactivity of late antisera is illustrated by the 
precipitin curves in Fig.  1, in which the autisera represented extremes  of the 
immunization intervals employed.  In the late antiserum pool made against 
|  ..... 
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TNP-B3'G (Fig. 1, right), the heterologous antigen, DNP-HSA, precipitated at 
equivalence 95 %  as much antibody as did TNP-HSA. In agreement, anti-TNP 
antibodies isolated from other late sera were previously shown to have almost as 
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Fzc. 2. Antibody fluorescence quenching  titrations with two preparations of anti-TNP 
antibodies (a and b) and two preparations of anti-DNP (c and d). 1 ml aliquots of purified 
antibody (40/~g/ml in buffered saline) were titrated at 30°C with ¢-TNP-L-lysine (filled cir- 
cles)  and with ¢-DNP-L-lysine  (open circles).  Each titration was normalized  to show  the 
decrease  in fluorescence rel~tive to the fluorescence intensity observed before  the addition 
of ligand. Each antibody preparation was purified from an equivalence precipitate by elution 
with a homologous hapten. The antiserum pools were obtained from 25 to 50 rabbits, each 
after the following immunization schedules:  (a), antiserum TN-13,  obtained 13 days after 
injecting each rabbit with 5 mg TNP-B3~G; (b), antiserum TN-9, obtained after a second 
injection of TNP-B3,G 1 yr after primary immunization, as described in the legend to Fig. 1; 
(c), antiserum D4, obtained 10 days after injecting each rabbit with 1.2 mg DNP-hemocya- 
nin; (d), antiserum DN-24,  obtained about 40 days after injecting each rabbit with 5 mg of 
DNP-B"/G. 
high an affinity for DNP  as for TNP ligands (1). In the early antiserum pool* 
(Fig. 1, left), obtained 16 days after immunization, the extent of cross-reaction 
with  DNP-proteins  was  only 63 %.  It is  also  apparent  that  these  precipitin 
reactions failed to reveal evidence of "carrier specificity", i.e., equal amounts of 
4 This represents "early" antiserum since precipitating antibody is usually not detected 
before 12-13 days after immunization with TNP-proteins. j.  RUSSF.L  LITTLE  AND  HERMAN  N.  EISEN  253 
antibody were precipitated  by TNP-HSA and TNP-B~,G (the immunogen); 
DNP-HSA  and  DNP-BTG  also  precipitated  the  same amount  of antibody, 
though less than the corresponding trinitrophenylated proteins. 
Cross-React{ons by Bapten Binding.--In Fig.  2  are shown  the fluorescence 
quenching titrations of antibodies isolated from equivalence precipitates formed 
by early and late antisera.  The early anti-TNP  antibody population  distin- 
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FIO. 3.  Precipitin data for an anti-DNP  serum pool. The serum (DN-31) was  obtained 
from 50 rabbits 42 days after injecting each animal with 4.8 mg DNP-Bh'G in complete ad- 
juvant.  Conventional quantitative  precipitin curves were performed by adding increasing 
amounts of antigen to separate 0.5  ml aliquots of  serum: [3,  DNP-HSA; O,  TNP-HSA. 
The precipitin curves were employed as a guide for the successive  additions of limiting amounts 
of the cross-reacting antigen, TNP-HSA (closed  circles and fractions P1-P5)  and of the ho- 
mologous antigen, DNP-HSA  (closed squares and  fractions X1-X5) to fractionate  large 
a]iquots of the same antiserum pool. Specific precipitates were harvested after each addition 
of antigen and antibody fractions were obtained by hapten elution as described in the text. 
The amounts of antibody precipitated and eluted in each fraction are given in Table H. 
guished  sharply  between  the  homologous  ]Jgand  (¢-TNP-L-lysine)  and  the 
cross-reacting  ligand  (~-DNP-L-lysine)  (Fig.  2a).  In  contrast,  the  relatively 
minor differences in the two curves in Fig.  2b show that  the  late anti-TNP 
population scarcely distinguished between the homologous and the heterologous 
ligands,  although  it  did  bind  the  homologous one  (~-TNP-L-lysine)  slightly 
better. 
The differences between early and late anti-DNP populations are also clear. 
The early antibodies bound ¢-DNP-L-lysine better than ¢-TNP-L-lysine (Fig. 
2c).  Although the late anti-DNP population in Fig.  2d also bound ~-DNP-T.- 
lysine better, the discrimination is much less striking than with the early anti- 254  PROPERTIES OF CROSS-REACTING ANTIBODIES 
body in Fig. 2c. Thus, when the residual fluorescence value (Q') at the end of 
the  titration was  used  to  evaluate the proportion of total sites occupied by 
bound  ligand (Q'/Qmax),  the  early antibody had  approximately 15 %  of its 
sites  occupied  by  the  heterologous  ligand  (11/72)  and  approximately 35% 
TABLE II 
Fractionation of Anti-DNP Antibodies (Antiserum DN-31) by Addition of Li/miting A mounts of 
Antigen and Elu~on witk tke Corresponding Hapten* 
Sequential precipitate 
PI§ 
P2 
P3 
P4 
P5 
PP 
Antigen added to 
precipitate  antibody 
~gl,  nl antiserum 
TNP-HSA  2.5 
TNP-HSA  5.0 
TNP-HSA  6.0 
TNP-HSA  7.0 
TNP-HSA 15.0 
DNP-HSA 13.0 
Antibody 
precipitated 
anli~erum 
92 
152 
140 
130 
62 
198 
Fraction of 
total serum 
antibody  in 
precipitate 
%5 
11.9 
19.7 
18.2 
16.9 
8.1 
25.4 
Fructionof 
precipitated 
antibody 
isolated 
% 
28.2 
25.9 
27.7 
33.2 
30.2 
23.7 
Fraction  of 
total serum 
antibody 
isolated 
%5 
3.4 
5.0 
5.0 
5.6 
2.4 
6.0 
Total for P1-PP  774  100.2 
X1 
X2 
X3 
X4 
X5 
DNP-HSA  2.5 
DNP-HSA  4.0 
DNP-HSA  7.0 
DNP-HSA 10.0 
DNP-HSA 12.0 
125 
125 
176 
199 
176 
16.2 
16.2 
22.9 
25.9 
22.8 
7otal for Xl-X5  801  104.0 
17.5 
28.8 
26.3 
25.5 
28.9 
2.8 
4.7 
6.0 
6.6 
6.6 
* Separate 250 ml aliquots of the pooled antiserum were fractionated according  to their 
ability to precipitate with limiting amounts of the indicated antigen. The precipitin curves 
shown in Fig. 3 were used to estimate the amounts of antigen added. The specificity of the 
eluting hapten (2,4-dinitrophenol or 2,4,6-trinitrophenol) was the same as the precipitating 
antigen employed for each fraction. 
:~ Amt. ppt'd at equivalence. 
§ Fraction P1-A was made by adding TNP-HSA at 0.001 mg/ml serum to a separate 600 
ml aliquot of serum  pool DN-31;  0.036 mg antibody was precipitated per ml antiserum 
(21.6 mg total), corresponding to 3.30/6 of the amount of antibody precipitated at equivalence. 
The purified  antibody recovered  from  this precipitate amounted  to 25%  of the quantity 
precipitated or < 1% of the total precipitable antibody. 
occupied by the homologous ligand (25/72),  a  ratio for the two ligands of 2.3 
(35/15).  In contrast,  at the  termination of the  titrations the late  anti-DNP 
population had approximately 74% of its sites occupied (53/72)  by the heter- 
ologous ligand and  approximately 88%  occupied (63/72)  by the homologous 
ligand, or a ratio of only 1.2 (88/74). 
Fractionation of A nti-DNP Sera by Serial A dditions of A ntigen.--By means of 
the  sequential  precipitation  procedure  described  above  (see  Materials  and ~.  RUSSEL  LITTLE  AND  HERMAN  N.  EISEN  255 
Methods), antibodies were isolated from specific precipitates made in anti-DNP 
and anti-TNP sera with DNP-HSA or with TNP-HSA. The amounts of antigen 
added and the amounts of antibody precipitated by each addition (per ml of 
serum) are illustrated in Fig. 3 with an anti-DNP serum (DN-31). The serially 
obtained precipitates  (and  the  antibodies  subsequently isolated from them) 
were labeled P1-P5 when TNP-HSA was the precipitating antigen, and X1-X5 
when DNP-I-ISA  was  the  precipitating  antigen.  Mter  removal  of  the  final 
precipitate made with TNP-HSA (PS), the residual antibody (designated PP) 
was  precipitated with  the homologous antigen,  DNP-HSA.  As  is  shown  in 
Table II, approximately 100%  of the serum antibody was  recovered in this 
series of fractional precipitates. In each fraction, approximately 20-30 % of the 
precipitated anti-DNP molecules was recovered as the purified antibody used 
TABLE III 
Fracgonation of anti-DNP Antibodies (Antiserum DN-35) by Addition of Limiting Amounts of 
Antigen and Elution with Cross-Reacting ttapten* 
Sequential 
precipitate 
T1 
T2 
T3 
An.ti~en added to 
precipitate antibody 
gg/ml antiserum 
DNP-HSA  3.0 
DNP-HSA 30 
DNP-HSA 30 
Antibody 
precipitated 
~g/ral 
antiserum 
121 
777 
532 
Fraction of 
total  serum 
antibody in 
precipitate 
%~ 
7.4 
47.8 
32.7 
Fraction of 
precipitated 
antibody 
isolated 
% 
11.6 
21.0 
27.4 
Fraction of total 
serum antibody 
isolated 
0.86 
10~0 
9.0 
* A 150 ml aliquot of antiserum DN-35 was fractionated by precipitation with limiting 
mounts of the homologous  antigen, DNP-HSA, as shown, and elution with the cross-reacting 
univalent hapten, 2,4,6-trinitrophenol. Equivalence precipitates made with this antiserum 
pool contained 1.62 nag antibody/ml antiserum when DNP-HSA was the antigen and 1.33 
mg/ml with TNP-HSA. The immunization  interval is given in Table I. 
Amt. ppt'd, at equivalence. 
for hapten binding studies.  In order to improve still further the selection of 
molecules with maximal affinity for the TNP group, the foregoing procedure 
was modified by using TNP-OH to elute the antibody precipitated by DNP- 
HSA (Table III). 
Hapten Binding of Antibody Fractions from Anti-DYP Sera.--Each isolated 
antibody fraction was examined for its affinity for at least one homologous and 
one cross-reacting ligand. 2, 4-Dinitrotoluene (DNT) and 2, 4, 6-trinitrotoluene 
(TNT) were used most often because the average association constants for these 
ligands usually fall in the optimum range for determination by the method of 
fluorescence quenching (i.e., between 1 X  10  u ~-i and 5 X  107 ~-1). Table IV 
provides the binding constants for DNT and TNT for each of the anti-DNP 
antibody fractions described in Fig. 3 and inTablesII and III. For each fraction, 
the affinity for the homologous hapten (DNT) was higher than for the corre- 256  PROPERTIES  OF CROSS-REACTING  ANTIBODIES 
ponding cross-reacting hapten (TNT). However, for one of the fractions selected 
by  precipitation with  TNP-HSA  and  elution  with  trinitrophenol  (P1),  the 
difference in binding constants was of borderline significance (i.e., the error of 
the method is about -4-50 % of the mean). Nevertheless, this fraction, as well as 
TABLE IV 
A~nily of Anti-DNP Antibody Fractions for Homologous and Cross-Reac¢in 
~kntibody fractior 
P1 
P2 
P3 
P4 
P5 
PP 
P1-A 
X1 
X2 
X3 
X4 
X5 
T1 
T2 
T3 
Average  intrinsic  association  constant* 
Ko  (M"t XIO-t) 
2,4.-DNT 
1.7 
5.5 
13 
5.1 
2.8 
7.8 
23 
5.7 
5.8 
7.3 
7.9 
2.2 
>100 
>100 
47 
2,4, 6-TNT 
0.93 
2.0 
1.5 
0.40 
0.10 
0.15 
3.7 
0.65 
0.49 
0.58 
0.60 
0.13 
88 
19 
6.2 
2.,  4-DNP- 
ammocaproate 
>100 
>100 
26 
>100 
>i00 
27 
2,4,6-TNP- 
ammocaproate 
>I00 
72 
5.1 
1.9 
2.4 
1.5 
H apt~ns 
Ko-DNT 
ratio 
1.8 
2.8 
8.7 
13 
28 
52 
6.2 
8.8 
12 
13 
13 
17 
>1 
>5 
8 
* Average intrinsic association constants, Ko, were determined by the method of antibody 
fluorescence quenching  (see Materials and Methods). Each value is the average of duplicate or 
triplicate titrations using separate aliquots of the purified  antibody fraction. The average 
variation of the method was -b 50% of the mean. Linear regression slopes were calculated for 
each titration and each had a coefficient of correlation ~  0.90. Antibody  fractions P1-P5 and 
PP were derived from antiserum pool, DN-31 and fraction P1-A was isolated from a separate 
aliquot of the same antiserum. Fractions T1-T3 were obtained from antiserum pool, DN-35. 
The immunization schedule and precipitin assays for these antisera are given in Table I. 
all the others, had Qmax values which were consistent with their origin in anti- 
DNP  sera  and  well  above  the  range  of  Qmax  values  for  rabbit  anti-TNP 
antibodies (see Fig. 4  and Table VII below). 
The  ratios of association constants showed  a  systematic increase from  the 
first to the last fractions for the P  and X  series, indicating progressively de- 
creasing  cross-reactivity, regardless of whether  homologous  or cross-reacting 
reagents  were  employed for  antibody  isolation  (Table  IV).  In  accord  with J.  RUSSEL  LITTLE  AND  HERMAN  N.  EISEN  257 
sequential  precipitation  by  TNP-HSA,  the  P1-P5  series  showed  generally 
declining ~ty  for the TNP group from the first to the last fraction. 
It was somewhat surprising that in the X1-X5 series, prepared by sequential 
precipitation with DNP-HSA, the association constants for DNT varied only 
slightly. Possibly this was because the antiserum from which these fractions 
100 
80 
Lu 
60 
~  4o 
U. 
I  I  I  I 
20 
,,  ~.o  /A.#'-m, 
\\%  ~  cPf 
o._  o"o~...._~  o  T~ 
0  1Antibodies  o 
I  I  I  I 
~0  8  t6  24  ~?. 
mpMoles LIGAND  ADDED 
FzG. 4. Antibody fluorescence  quenching titratlons with high ligaud concentrations. Ti- 
trations were performed  as outlined in the text and in the legend for Fig. 2. High ligand con- 
centrations were used in order to estimate the extent of quenching when the antibodies' 
combining sites were saturated with ]igand, Qmax. The titrafions of four antibody fractions 
are shown, as well as the range of Qmax values previously observed with rabbit anti-DNP 
and  anti-TNP  antibodies (2). The ligands employed were e-TNP--m~nocaproate (dosed 
circles) or E-DNP-aminocaproate (open circles). Each titration was corrected for light ab- 
sorbance due to the high concentration  of free ligand (1, 8). 
were isolated was obtained soon after immunization, when anti-DNP antibody 
populations are relatively homogeneous (e.g., with respect to affinity and light 
chain banding on electrophoresis) (3, 6). 
Fractionation of Anti-TNP Serum and Bapten Binding by the Fracthms.~ 
Table V summarizes the results of sequential precipitation of anti-TNP anti- 
bodies by the addition of limiting amounts of the cross-reacting antigen, DNP- 
HSA, followed by elution with a cross-reacting hapten, 2, 4-dlnltrophenol. The 
R1-R3  and W1-W2  series were obtained from 800 mi  and 500 mi aliquots 258  PROPERTIES  O~F  CROSS-REACTING  ANTIBODIES 
respectively of the same antiserum pool. The residual antibody in each experi- 
ment,  which  could not be  precipitated  with  cross-reacting  antigen,  was pre- 
cipitated with the homologous antigen, TNP-HSA, eluted with trinitrophenol, 
and designated RR and WW respectively. 
The affinities for each  of the  isolated  anti-TNP  fractions  are  presented  in 
TABLE V 
Fraetionation of Anti-TNP Antibodies (TN-5) by Addition  of Limiting  Amounts  of Anti- 
Sequential precipitate 
R1 
R2 
R3 
RR 
gen and Elution with the Cortes 
Antigen added to 
precipitate antibody 
~g/ml  anJiserum 
DNP-HSA  4 
DNP-HSA 26 
DNP-HSA 40 
TNP-HSA 25 
Antibody 
precipitated 
~g/mt 
antiserum 
87 
101 
126 
223 
~onding ltapten* 
Fraction of 
total serum 
antibody 
isolated 
Fraction of  Fraction of 
total serum  precipitated 
antibody in  antibody 
precipitate  isolated 
%t  % 
12.0  4.8 
13.9  6.2 
17.3  7.9 
30.7  15.6 
%~ 
0.57 
0.86 
1.4 
4.7 
Total for R1-RR  537  73.9 
W1  DNP-HSA  5  90  12.4  9.7  1.2 
W2  DNP-HSA 25  162  22.6  8.8  2.0 
WW  TNP-HSA 25  405  55.7  11.8  6.5 
Total for W1-WW  657  90.7 
* Separate 800 ml and 500 ml aliquots of the antiserum pool were fractionated  according to 
their  ability  to precipitate  with limiting amounts of the indicated  antigen  in the R and W 
series. Samples RR and WW were precipitated with the homologous antigen, TNP-HSA, after 
exhaustive precipitation with DNP-HSA. The specificity of the eluting hapten was the same as 
the precipitating antigen employed for each fraction. Equivalence precipitates made with this 
antiserum  contained  0.728 mg antibody/ml antiserum  when  TNP-HSA was  the  antigen 
and 0.335 mg/ml with DNP-HSA. The immunization interval  for antiserum  TN-5 is given in 
Table I. 
Amt. ppt'd, at equivalence. 
Table VI. Each fraction had a  significantly higher binding constant for TNT 
than  for DNT.  The  fractions  not  precipitable  with  DNP-HSA but  purified 
with TNP reagents showed,  as expected,  the greatest difference in affinity for 
the homologous and cross-reacting hapteus (RR and WW). Like the anti-DNP 
fractions  (Table  IV),  successive  anti-TNP  fractions  (R1-RR  and  Wl-WW) 
showed  increasing  discrimination  between  homologous  and  heterologous 
ligands. 
Gell Diffusion Precipitin Reactions.--None of the anti-DNP sera examined by 
gel diffusion reactions formed spurs when reacted with DNP- and TNP-antigens 
in adjacent wells (Figure 5c). j.  RUSSEL  LITTLE  AND  HERMAN  N.  EISEN  259 
Reactions of identity were also observed with anti-DNP antibody populations 
purified from equivalence precipitates (Fig. 5d). However, Fig. 6b shows that 
spurring  can  be  obtained  with  a  suitably  selected  anti-DNP  subset;  e.g., 
fraction PP,  which  was  purified with  homologous reagents  (DNP-HSA  and 
DNP-OH) after exhaustive precipitation of the antiserum with the cross-react- 
ing antigen, TNP-HSA. Fraction PP also bound DNT (homologous) much more 
strongly than TNT (heterologous) (Table IV). 
With anti-TNP antibodies, DNP- and TNP-proteins gave reactions of iden- 
tity  with  late  antisera  (Fig.  5a)  and  with  strongly  cross-reactive  subsets 
(fraction R1,  Fig.  6c).  However, spur formation between these antigens was 
exhibited by highly discriminating subsets (fraction RR, Fig. 6d), and also by 
TABLE VI 
Affinity  of Anti-TNP Antibody Fractions for Homologous and Cross-Reacting Haptens 
Average intrinsic association constant* 
Ko(M-~  X  10  -6) 
Antibody fraction 
R1 
R2 
R3 
RR 
Wl 
W2 
WW 
2,4-DNT 
0.37 
0.21 
0.10 
<0.10 
0.42 
0.17 
0.11 
2,4,6-TNT 
1.3 
0.86 
0.61 
0.91 
1.4 
0.68 
0.73 
Ko-TNT 
Ko-DNT 
ratio 
3.52 
4.10 
6.10 
>9.1 
3.34 
4.00 
6.63 
* Average intrinsic association constants, Ko, were determined at 30  ° by fluorescence 
quenching as outlined in Materials and Methods and in the legend for Table IV. 
early low affinity anti-TNP sera which  are usually quite discriminating  (see 
Fig.  1). 
Fluorescence Properties.--The  least specific antibody fractions are of partic- 
ular interest with respect to fluorescence properties. When,  for example,  an 
anti-DNP  serum has  been fractionated to  yield  a  subset  of molecules  that 
hardly  distinguishes  DNP  and  TNP,  does  this  subset  resemble  anti-TNP 
antibodies with respect to fluorescence intensity and Qmax value? The Qmax 
values listed in Table VII  show that  the least discriminating fractions from 
anti-DNP sera (P1 and P2) were no different from anti-DNP antibodies isolated 
from equivalence precipitates made with the homologous antigen. Similarly, the 
anti-TNP fractions most highly selected for their affinity for DNP ligands were 
not  different, on the basis  of their Qmax values,  from anti-TNP  antibodies 
isolated from equivalence precipitates. 
With  regard to  relative fluorescence coefficients, the  subsets  of anti-TNP 260  PROPERTIES  OF  CROSS-REACTING ANTIBODIES 
antibodies with maximal affinity for DNP  were the same as those with minimal 
affinity for DNP.  In the parallel measurements with fractions from anti-DNP 
sera,  those selected for maximal and minimal affinity for TNP  ligands differed 
in fluorescence;  the  subsets  with  highest  affinity for  TNP  (fractions  P1,  P2, 
FIG. 5.  Agar gel diffusion  of anti-DNP and  anti-TNP antisera and purified  antibodies. 
The lower well in each pattern contained antiserum or a preparation of antibodies purified 
from  an equivalence precipitate. The upper well and the right and left wells contained anti- 
gens.  (a),  antiserum TN-9 described  in the legend  to Fig.  1 and in Table 1; the upper well 
contained DNP-HSA and the right and left wells contained TNP-HSA. (b), antibody prepa- 
ration from serum TN-8 as described  in the legend to Fig. 1 and in Table I; the upper well 
contained DNP-HSA and the right and left wells contained TNP-HSA.  (c), antiserum D2 
shown in Table 1; the upper well contained TNP-HSA and the right and left wells contained 
DNP-HSA. (d), antibody preparation from serum pool D4 obtained 10 days after immuni- 
zation; the upper well contained TNP-HSA and the  right  and left wells  contained DNP- 
HSA. The concentration of each antigen was 0.5 mg/ml. The diffusion reactions occurred  at 
25°C in 1.5% agar gel in buffered  saline, pH 7.4. Photographs were made of unstained gels 
at 48 hr. 
P1-A)  had  a  lower  fluorescence  coefficient  than  the  fraction  PP,  which  had 
especially low affinity for TNP/Nevertheless,  the fractions with highest affinity 
for TNP  were still more fluorescent than any of the subsets from anti-TNP sera 
(Table VII). 
DISCUSSION 
By  studying antibodies isolated from  specific precipitates  made  at  equiva- 
lence,  it has  been possible  to  distinguish between rabbit anti-DNP  and  anti- J.  RUSSEL  LITTLE  AND  HERMAN  N.  EISEN  261 
TNP antibodies by their preferential binding of homologous ligands, and also on 
the basis of their fluorescence characteristics. The observed differences between 
these  two  antibody populations  are  reenforced by  the  properties of  selected 
subsets. Thus, a small fraction of an anti-DNP population selected on the basis 
of its high  affinity for TNP  ligands and  representing  about  1%  of  the  total 
Fro. 6.  Agar gel diffusion of anti-DNP and anti-TNP antibody fractions.  The lower well 
in each pattern contained  an antibody fraction described in Tables II and III (P1 shown in 
a and PP shown in b) or in Tables VII and VIII (R1 shown in c and RR shown in d). In a and 
b the upper well contained TNP-HSA and  the right and left wells contained  DNP-HSA. 
In c and d the upper well contained  DNP-HSA and the right and left wells contained TNP- 
HSA. The concentration  of each antibody preparation was about 2 mg/ml and antigen con- 
centrations were 0.5 mg/ml. The diffusion reactions occurred  at 25°C in  1.5%  agar gel in 
buffered saline, pH 7.4, Photographs were made of unstained gels at 48 hr. 
precipitated at  equivalence,  still exhibited the  fluorescence properties of  the 
bulk anti-DNP population. Similarly, fractions of anti-TNP selected for maxi: 
mum affinity for DNP ligands had the fluorescence properties of bulk anti-TNP 
molecules. 
Since it seems probable that each immunoglobulin synthesizing cell produces 
one  immunoglobulin  (e.g.  19,  20),  the  present  results  mean  that  under  the 
conditions  of  immunization  used  here,  DNP-B3"G  and  TNP-ByG  stimulate 
virtually nonoverlapping  sets  of  antigen-sensitive cells.  This  exquisite  selec- 
tivity occurs despite the great similarity of these immunogens and despite the 262  PROPERTIES  O~"  CROSS-REACTING  ANTIBODIES 
extensive  cross-reaction  of  antibodies  made  (especially  late  in  the  immune 
response).  In contrast  to this great specificity in the cellular response observed 
with  the  present  experimental  conditions,  under  other  conditions,  as  when 
animals are primed with one of the immunogens and  then stimulated with the 
TABLE VII 
Relative Fluorescence Coefficients* and Qmax Values~  for Anti-DNP and Anti-TNP Antibody 
Fractions 
Ratio of fluorescence (350 rag)  Antibody fraction  to absorbance (295 mg) X 10  -~  Qmax value 
Anti-DNP antibodies 
P1 
P2 
P1-A 
PP 
T1 
T3 
Anti-TNP antibodies 
Wl 
WW 
R1 
RR 
Tryptophan  (as the free 
amino acid) 
1.68 
1.58 
1.69 
2.34 
1.43 
1.53 
1.45 
1.50 
9.00 
72 
75 
67 
74 
76 
70 
49 
48 
48 
50 
* The relative fluorescence coefficient is defined as the ratio of fluorescence  emission  at 350 
m# to absorbance at 295 m/~. The fluorescence  intensity of each sample expressed in arbitrary 
units, was measured at 30  ° at the same amplifier gain. All values were corrected for the blank 
(2-4%)  due to the solvent which was 0.15 M NaC1, 0.02 ~  phosphate  (pH 7.4).  Absorbance 
values, obtained on the same samples used for the measurement of fluorescence,  were meas- 
ured at 295 m# [an absorbance maximum for tryptophan at which tryosine absorbance is rela- 
tively slight (18)] in order to correspond to the wavelength of excitation used in the determina- 
tion of fluorescence intensity. 
:~ Qmax values were determined  by the method  of Day  (8)  using antibody fluorescence 
quenching titrations employing high llgand concentrations (1-5 X  10  -4 M). The ligands used 
were ~-2, 4-DNP-L-lysine for samples P1,  P2, P1-A, PP,  T1,  and  T3,  and e-2,4,6-TNP-L- 
lysine for samples Wl, WW, R1, and RR. 
other,  the  cellular response  is highly  "degenerate,"  e.g.  in  animals previously 
stimulated  with  TNP-protein,  DNP-protein  can  stimulate  cells  that  produce 
anti-TNP  molecules  (23). 5 The  phenomenon  known  as  original  antigenic  sin 
s Eisen, H. N., J. R. Little, L. A. Steiner, and E. S. Simms. Binding reactions and physical 
properties of antihapten  antibodies formed in the secondary response.  Manuscript in prepa- 
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(13,  15, 16) is a well-known example d  degeneracy in the secondary immune 
response and other examples have been recorded in the extensive studies of 
Benacerraf, Siskind and Paul et al. (21, 22), and of others (12, 17). 
The present findings  are in accord with the hypothesis that the immunogen 
reacts with an antibody-like receptor on the antigen-sensitive cell. Thus, late 
in the immune response the increasing  abundance of cells that produce high 
affinity, highly cross-reactive antibodies would provide increasing  opportunities 
to exhibit degeneracy. The fact that under the immunization conditions used 
here, the response is so highly specific probably means that in the ~mmuno- 
logically virginal animal the great preponderance of cells that can respond to 
DNP- or to TNP-protein have low affinity receptors for the immunogen and 
therefore display little cross reactivity (high specificity). 
Talmage (14) has suggested that a very large number of serological  specifi- 
cities could be generated in antisera by a very much smaller number of different 
immunoglobulln  molecules,  if  each  serum  specificity were  established by a 
unique  combination of several different immunoglobulins.  According to this 
theory, antisera to two highly cross-reactive antigens, such as DNP and TNP, 
should have antibody subsets in common. However, the results of the present 
study indicate that antibody subsets with the strongest cross-reactions, repre- 
senting as little as 1-3 % of the antibodies in serum, are still unique members of 
the antibody population from which they were derived: they have distinctive 
fluorescence  properties,  though they may scarcely distinguish  between DNP 
and TNP ligands in binding reactions. If common sets of antibody molecules 
exist in anti-DNP and anti-TNP sera, they must be extremely small, and could 
not account for the extensive cross-reactions observed here. 
SUMMARY 
The  principal  results  of the present  study are:  (a)  the failure  to find an 
antibody subset that binds a cross-reacting ligand better than the comparable 
homologue in spite of the use of isolation methods that select for such antibody 
molecules;  (b) the isolation of antibody subsets with virtually indistinguishable 
average  intrinsic  association  constants  for  homologous  and  cross-reacting 
ligands,  but which nevertheless have physical properties (Qmax and relative 
fluorescence  coefficient)  that  readily  distinguish  these  subsets  according  to 
their origin in response to antigenic stimulation with DNP- or with TNP-pro- 
tein; (c) the demonstration, by precipitin reaction and measurement of associa- 
tion constants for homologous and cross-reacting haptens, of generally greater 
cross-reactivity among high  affinity anti-DNP  and  anti-TNP  antibodies,  i.e. 
low affinity antibodies are generally more discriminating;  (d) the selection of 
anti-DNP and anti-TNP antibody subsets that are distinctive in their ability 
to show spur formation in gel diffusion  reactions with homologous and cross- 
reacting antigens. 254  PROPERTIES  OF  CROSS-I~EACTING  ANTIBODIES 
These results suggest that in the initial cellular response to antigenic stimu- 
lation,  DNP-B'IG and TNP-B~G stimulate virtually nonoverlapping sets of 
antigen-sensitive cells,  despite the great similarity of these two immunogens. 
With prolonged stimulation  this specificity wanes,  giving rise to a  more de- 
generate  response  evident  in  the  greater  cross-reactivity of  the  antibodies 
produced later in immunization. 
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